invertebrates. Therefore, we studied the genetic pathway of LR asymmetric development in Drosophila. Drosophila has several organs that show directional and stereotypic LR asymmetry, including the embryonic gut, which is the first organ to develop LR asymmetry during Drosophila development. In this study, we found that genes encoding components of the Wnt-signaling pathway are required for LR asymmetric development of the anterior part of the embryonic midgut (AMG). frizzled 2 (fz2) and Wnt4, which encode a receptor and ligand of Wnt signaling, respectively, were required for the LR asymmetric development of the AMG. arrow (arr), an ortholog of the mammalian gene encoding low-density lipoprotein receptor-related protein 5/6, which is a co-receptor of the Wnt-signaling pathway, was also essential for LR asymmetric development of the AMG. These results are the first demonstration that Wnt signaling contributes to LR asymmetric development in invertebrates, as it does in vertebrates. The AMG consists of visceral muscle and an epithelial tube. Our genetic analyses revealed that Wnt signaling in the visceral muscle but not the epithelium of the midgut is required for the AMG to develop its normal laterality. Furthermore, fz2 and Wnt4 were expressed in the visceral muscles of the midgut. Consistent with these results, we observed that the LR asymmetric rearrangement of the visceral muscle cells, the first visible asymmetry of the developing AMG, did not occur in embryos lacking Wnt4 expression. Our results also suggest that canonical Wnt/b-catenin signaling, but not non-canonical Wnt signaling, is responsible for the LR asymmetric development of the AMG.
Introduction
In many animals, the structures and positions of internal organs display directional left-right (LR) asymmetry (Levin, 2005) . The mechanisms of LR asymmetric development are well understood in some species. For example, the clockwise rotation of monocilia in the node or its homologous embryonic structures induces a leftward flow of extra-embryonic fluid (nodal flow), which is the first cue for LR axis formation in mouse and fish (Nonaka et al., 1998; Okada et al., 1999; McGrath et al., 2003; Kramer-Zucker et al., 2005; Essner et al., 2005; Hirokawa et al., 2006) . In frogs, the LR asymmetry of proton flux into blastomeres is an initial determinant of LR polarity (Levin et al., 2002; Adams et al., 2006) . Thus, even among vertebrates, the molecular mechanisms of LR axis formation seem to be evolutionarily divergent (Levin and Palmer, 2007) . In invertebrates such as nematodes and snails, the polarity of blastomeres at the very early cleavage stage plays a crucial role in LR axis formation (Asami, 1993; Bergmann et al., 2003; Shibazaki et al., 2004) . These findings also suggest evolutionary divergence in the mechanisms of LR asymmetric development among phyla. However, in invertebrates, the molecular mechanisms for such LR polarity are still largely elusive (Coutelis et al., 2008; Okumura et al., 2008) .
In general, after LR polarity is established in the embryo, complex cell-signaling cascades lead to LR asymmetric development; these pathways are responsible for inducing LR asymmetric tissue specification and morphogenesis (Hirokawa et al., 2006; Shiratori and Hamada, 2006) . In many animals, the downstream signaling pathways required for LR asymmetric development are known, and the functions of the component genes and their products have been studied extensively (Hirokawa et al., 2006; Shiratori and Hamada, 2006) . These downstream pathways, such as the Nodal cassette, are conserved in deuterostomia and lophotrochozoa, although the initial cues for LR axis formation are probably different between these two groups (Grande and Patel, 2009; Kuroda et al., 2009) . Nodal encodes a member of the TGF-b family proteins (Zhou et al., 1993) . In mouse, Nodal is expressed in the left lateral plate mesoderm (LPM) (Lowe et al., 1996; Collignon et al., 1996) . This left-side-specific expression depends on a negative feedback signal involving Lefty1 and Lefty2, which suppresses Nodal expression . Nodal signaling also activates the expression of Pitx2 in the left LPM (Yoshioka et al., 1998) , and Pitx2 induces leftside-specific characteristics by activating various downstream genes Kurpios et al., 2008; Plageman et al., 2011) .
Consistent with the important roles of Wnt signaling in cell specification and pattern formation during development, Wnt signaling is also involved in LR asymmetric development (Nakaya et al., 2005; Bajoghli et al., 2007; Lin and Xu, 2009) . Wnt signaling has several distinct downstream branches, including the canonical Wnt/b-catenin and non-canonical signaling pathways, which are conserved across the phyla (van Amerongen and Nusse, 2009) . Planar cell polarity (PCP) signaling, which is activated by non-canonical Wnt signaling, is required for polarizing epithelial cells with respect to the polarity of organs and the body (Fanto and McNeill, 2004; Seifert and Mlodzik, 2007) . In zebrafish, canonical Wnt/b-catenin signaling has several distinct and stage-specific roles in the LR asymmetric development (Bajoghli et al., 2007; Lin and Xu, 2009) . In this system, a downstream target of Wnt signaling, Gata4, controls the LR asymmetric signal propagation from the LPM to the heart primordium (Lin and Xu, 2009 ). In mouse, proper placement of the nodal cilium depends on PCP in the epithelial cells of the node. Thus, disruption of the non-canonical Wnt pathway results in the reduction of nodal flow, leading to laterality defects (Song et al., 2010) .
In Drosophila, several organs show directional and stereotypic LR asymmetry, including the gut, brain, testes, and male genitalia (Hayashi and Murakami, 2001; Ligoxygakis et al., 2001; Pascual et al., 2004; Baum, 2006) . Several mutations that affect the laterality of some of these organs have been identified (Adá m et al., 2003; Hozumi et al., 2006; Spé der et al., 2006; Maeda et al., 2007; Taniguchi et al., 2007b; Okumura et al., 2010) . For example, during metamorphosis in male Drosophila melanogaster, the external genitalia undergo a 360-degree clockwise (dextral) rotation, which causes the spermiduct to loop around the hindgut in a dextral direction (Gleichauf, 1936) . In homozygotes of Myosin31DF (Myo31DF), which encodes Myosin ID, the genitalia undergo a 360-degree counterclockwise rotation . The dextral rotation of the external genitalia is also incomplete in homozygotes of Fasciclin 2 (Fas2) (Adá m et al., 2003) .
The embryonic gut is the first organ that develops directional LR asymmetrical morphology during Drosophila development (Hayashi et al., 2005) . We performed genetic screens to identify mutants affecting the LR asymmetric development of the embryonic gut (to be presented elsewhere). Most of these mutants could be classified into two groups: those that affected LR asymmetry in the anterior part of the embryonic gut (the foregut and anterior midgut), and those that affected its posterior part (the posterior midgut and hindgut) . The handedness of the posterior embryonic gut is reversed in embryos homozygous for Myo 31DF (Hozumi et al., 2006 (Hozumi et al., , 2008 Taniguchi et al., 2007a) . Embryos homozygous for loss-of-function Drosophila E-Cadherin (DE-Cad) show randomized LR asymmetry of the hindgut (Taniguchi et al., 2011) . On the other hand, mutant embryos of puckered (puc), which encodes a Drosophila Jun N-terminal kinase (D-JNK) phosphatase, show randomized laterality of the anterior embryonic gut, implicating D-JNK signaling in its LR asymmetric looping (Taniguchi et al., 2007b) . In addition, the laterality of this anterior embryonic gut becomes bilateral in embryos homozygous for mutant zipper (zip), which encodes Myosin II (MyoII), suggesting that its LR asymmetric morphogenesis depends on MyoII activity (Okumura et al., 2010) . Furthermore, homozygous single-minded (sim) mutant embryos, which lack a ventral midline structure, show defects in the LR asymmetric structure of the entire embryonic gut, indicating an important role for midline structures in the gut's LR asymmetric development (Maeda et al., 2007) .
Recent studies revealed the cellular basis of LR asymmetric morphogenesis in the Drosophila hindgut. The hindgut consists of an epithelial tube. During LR asymmetric development, the epithelial tube rotates counterclockwise 90 degrees (Hayashi and Murakami, 2001) . Before this twist occurs, the epithelial cells of the hindgut tube adopt a LR asymmetric (chiral) cell shape within their inner (apical) plane, referred to as ''planar cell-shape chirality'' (PCC) (Taniguchi et al., 2011) . The asymmetric distribution of DE-Cad at cell boundaries is probably responsible for the formation of PCC (Taniguchi et al., 2011) . The loss of MyoID switches the LR polarity of PCC and DE-Cad distribution, which coincides with the direction of rotation (Taniguchi et al., 2011) . A computer simulation showed that the left-handed twist of the hindgut epithelial tube is accounted for by the PCC of the hindgut epithelial cells (Taniguchi et al., 2011) .
In male genitalia, extensive bioimaging analyses revealed that a dynamic movement of tissue layers contributes to the 360-degree clockwise rotation of this organ (Benitez et al., 2010; Rousset et al., 2010; Suzanne et al., 2010; Kuranaga et al., 2011) . These studies showed that two stepwise movements of abdominal tissues are required for the completion of this rotation (Benitez et al., 2010; Rousset et al., 2010; Suzanne et al., 2010; Kuranaga et al., 2011) . However, despite these detailed cellular studies, the genetic and molecular mechanisms of the LR symmetric development in Drosophila are still largely unclear. In particular, among the various cell-signaling systems, the roles of Wnt signaling in LR asymmetric development in this organism have not been studied. Here, we report for the first time the contribution of Wnt signaling to LR asymmetric development in Drosophila.
Results

Wnt signaling is required for LR asymmetric development of the anterior midgut in the Drosophila embryo
The embryonic midgut corresponds to the middle part of the alimentary canal and is composed of four chambers at stage 16 in D. melanogaster. The position and shape of these four chambers show stereotypic LR asymmetry (Hayashi and Murakami, 2001 ). The first (most anterior) chamber of the midgut is anteriorly connected to the proventriculus (PV), which leans to the left side of the embryo (Fig. 1A) . A pair of gastric caeca protrudes from the anterior of the first chamber, and the structure of the gastric caeca also shows LR asymmetry (Fig. 1A) . Here, we refer to the part of the embryonic gut that is composed of the PV, gastric caeca, and the first chamber of the midgut as the anterior midgut (AMG).
To identify Drosophila genes responsible for the LR asymmetry of the embryonic gut, we conducted large-scale genetic screens of mutants on the second and third chromosomes, induced by ethylmethanesulfonate (EMS) (to be presented elsewhere). In these genetic screens, embryos homozygous for each mutation were examined for laterality defects of the gut. Among the various mutations affecting the LR asymmetry of the embryonic gut, those in components of the Wntsignaling pathway, frizzled 2 (fz2) and arrow (arr), specifically affected the AMG (Fig. 1B and D) .
fz2 encodes a receptor of the Wnt-signaling pathway in D. melanogaster (Bhanot et al., 1996) . We identified an allele of fz2 designated as fz2 C3-1464 in this study. Sequencing of the fz2 locus in the fz2 C3-1464 mutant revealed a nonsense mutation in its genomic sequence corresponding to the 603rd amino acid of the predicted Fz2 protein; this mutation would be expected to produce a truncated Fz2 protein lacking a PDZ-binding motif (Fig. 1G ) (Wong et al., 2003) . To analyze the LR defects in the AMG quantitatively, we examined the position of the joint between the PV and the first chamber of the midgut with respect to the midline of the embryo. In wild-type, this joint was positioned on the right side of the midline (designated as normal) in all cases examined (n = 63) ( Fig. 1A and H) . However, in 31% of the embryos homozygous for fz2 C3-1464 , the joint was positioned on the left side of the midline (designated as inversion) (Fig. 1H) . In 10% of the fz2 C3-1464 homozygotes, the midline was located within the width of the joint (designated as no laterality) (Fig. 1H) . To confirm that the laterality of the AMG is generally disrupted in fz2 mutants, we also examined the laterality defects in embryos homozygous for fz2
C1
, a lossof-function allele of fz2 (Chen and Struhl, 1999) and heterozygous for fz2 C1 and fz2 C3-1464 . We found that these embryos showed similar laterality defects to those of the fz2 C3-1464 homozygote, although the frequencies of the phenotypes were slightly lower (Fig. 1H) .
frizzled (fz) encodes another Wnt receptor, Fz, which is known to play a major role in PCP signaling in a Wnt ligand-independent manner (Vinson and Adler, 1987; Wong and Adler, 1993; Wehrli and Tomlinson, 1998) . We examined the LR defects in the AMG of embryos homozygous for fz P21 , a loss-of-function allele of fz (Lee and Adler, 2002) . Some of these embryos showed laterality defects of the AMG, although the frequencies were much lower than in those with mutations in fz2 (Fig. 1H) . arr is the Drosophila ortholog of the mammalian gene for low-density lipoprotein receptor-related protein 5/6 (LRP5/6), a co-receptor for the Wnt-signaling pathway (Wehrli et al., 2000) . From our genetic screen, we identified three alleles of arr, designated arr
L944
, arr
R1215
, and arr . Embryos homozygous for arr L944 , arr R1215 , or arr MC2L-1 showed LR inversion in their AMG at 33%, 29%, and 27%, respectively (Fig. 1H ). In addition, no laterality of the AMG was observed in 25% of the arr L944 homozygotes (Fig. 1H) . Analysis of the arr L944 and arr R1215 alleles revealed that they carried nonsense mutations in their genomic regions corresponding, respectively, to the 349th and 260th amino acids of the deduced Arr protein; these mutations are predicted to produce short N-terminal fragments of the Arr protein (Fig. 1G ). Interestingly, arr L944 /+ embryos also showed LR defects of the AMG, indicating that the LR phenotype of arr is dominant, although its penetrance was low (Fig. 1H ). These results suggest that Wnt signaling plays an important role in the LR asymmetric development of the AMG.
The genome of D. melanogaster encodes seven Wnt ligands (Llimargas and Lawrence, 2001 ), but we did not isolate any mutants of the genes for these Wnt ligands from our genetic screens. Therefore, we next examined which Wnt ligand is responsible for the LR asymmetric development of the AMG. Homozygotes for wingless (wg) mutants, including wg CX3 and wg
CX4
, showed a variety of severe developmental defects (data not shown) that prevented us from evaluating the contribution of the wg gene to the LR asymmetric development of the AMG. In contrast, homozygotes for Wnt4 mutants, including Wnt4 C1 and Wnt4
EMS23
, and embryos heterozygous for both Wnt4 C1 and Wnt4 EMS23 showed similar LR defects to those of mutant fz2 or arr homozygotes ( Fig. 1H ) (Cohen et al., 2002) . On the other hand, embryos homozygous for Wnt2 O , an amorphic allele, showed normal LR asymmetry (data not shown). We did not examine whether genes encoding other Wnt ligands, including Wnt5, Wnt6, Wnt10, and WntD, affected the LR asymmetric development of the AMG, because mutations of these genes are not available in D. melanogaster. Nevertheless, these results suggested that at least Wnt4 has a role in the LR asymmetric development of the AMG.
In the above experiments, we scored the LR asymmetry of the AMG on the basis of the position of the joint between the PV and the first chamber of the midgut. However, we found that the LR direction to which the PV tilted did not always coincide with the LR asymmetry of the AMG. To analyze this phenomenon quantitatively, we scored the LR defects found in the AMG and the PV in individual Wnt4 C1 mutant embryos and examined them for the concurrence of these laterality defects. We found that the laterality of the PV was normal when that of the AMG was normal, in all cases examined (n = 92) (blue in Fig. 2A , B, and E). In contrast, the laterality of the PV was roughly randomized when the laterality of the AMG was abnormal (reversed and no laterality) (yellow and magenta in Fig. 2A , C, D, and E). Thus, the laterality of the AMG has a strong influence on the PV laterality, although we did not find complete correspondence between them.
Wnt4 and fz2 are expressed symmetrically in the visceral muscles of the midgut
The AMG is composed of visceral muscles and endodermal epithelium (Reuter et al., 1993) . Wnt4 transcripts are reported to be expressed at the visceral mesoderm (Graba et al., 1995) . Here, we examined the distribution of Wnt4 and Fz2 proteins in the visceral muscle and endodermal epithelium of the AMG. Wild-type embryos were double-stained with anti-Wnt4 and anti-Fas3 (a specific marker of visceral muscle) antibodies at stage 14. We found that the expression domains of Wnt4 overlapped with those of Fas3, indicating that Wnt4 is expressed in the visceral muscles of the AMG (Fig. 3A- A 00 ). To determine whether the Fz2 protein is present in the visceral muscles, we drove the expression of UAS-myr-mRFP under the control of hand-GAL4, a visceral muscle-specific GAL4 driver ( Fig. 3B -B 00 ). To determine whether the Fz2 protein is present in the endodermal epithelium, we used the enhancer trap line PY258, which expresses lacZ in midgut endodermal epithelium (data not shown) ( Fig. 3C -C 00 ). The localizations of RFP, LacZ, and Fz2 were determined by anti-RFP, anti-bgal, and anti-Fz2 antibody staining. We detected Fz2 in the visceral muscles ( Fig. 3B-B  00 ), but not in the endodermal epithelium ( Fig. 3C -C 00 ). , arr L994 , and arr R1215 mutants. CRD, cysteine rich domain; TM, transmembrane domain. (H) Frequency of LR defects (%) in the AMG of embryos with the genotypes indicated at the bottom. Grey, pink, blue, and purple bars indicate gut laterality that was normal, inverted, no laterality, and unclassified, respectively. The number of scored embryos is shown in parenthesis (N).
Next, to determine the tissues in which Wnt signaling could be activated for normal LR asymmetric development of the AMG, we examined the expression patterns of Wnt4 and fz2. We detected the Wnt4 and Fz2 proteins by immunohistochemistry in wild-type embryos at stage 14, just before the onset of AMG LR asymmetric morphogenesis. Wnt4 protein was mostly detected in the midgut, hindgut, and central nervous system (Fig. 3D and E) . In the midgut, Wnt4 protein was detected in the most anterior part of the midgut and in the region corresponding to the second constriction of this organ ( Fig. 3D and E) . On the other hand, the Fz2 protein was detected in the midgut, hindgut, and central nervous system at stage 14 ( Fig. 3D 0 and E 0 ). Double staining with anti-Wnt4 and anti-Fz2 antibodies revealed that the regions expressing Wnt4 and Fz2 were largely complementary ( Fig. 3D 00 and E 00 ). This result may suggest that the activation of Wnt signaling in a fz2-expressing region initiates a negative feedback loop that down-regulates the expression of Wnt4. However, we also found that the distributions of Wnt4 and Fz2 partially overlapped in the AMG (Fig. 3D 00 and E 00 ). Thus, it is possible that Wnt4 interacts with Fz2 in the visceral muscles of the AMG ( Fig. 3F and F 0 ).
We confirmed that the antibodies for Wnt4 and Fz2 did not show labeling in embryos that were homozygous for null mutants of their respective genes, as reported before (Bhanot et al., 1996; Cohen et al., 2002; Sato et al., 2006) , confirming that the antibody staining was specific (data not shown).
Notably, these results also showed that the expression patterns of Wnt4 and fz2 were LR symmetric at about the stage when LR asymmetric morphogenesis of the midgut is initiated.
2.3.
Wnt signaling activated in the visceral muscle is sufficient for normal LR asymmetric development of the AMG To understand the mechanisms underlying Wnt signaling's contribution to the LR asymmetric development of the AMG, we sought to identify the tissue in which Wnt-signal activation is required for normal LR asymmetric development. Among the mutants examined in this study, the LR defects of the AMG were observed most frequently in embryos homozygous for arr L944 (Fig. 1) . Therefore, in these embryos, we overexpressed UAS-arr (Wehrli et al., 2000) driven by the GAL4/UAS system, which allows the tissue-specific GAL4-driven expression of responder genes (UAS constructs) (Brand and Perrimon, 1993) . The LR defects in the AMG were slightly rescued in arr L944 homozygotes carrying UAS-arr without the GAL4 driver (control in Fig. 4A ), compared with arr L944 homozygotes (À/À in Fig. 4A ), probably because of leaky UAS-arr expression (Fig. 4A ). On the other hand, the ubiquitous expression of UAS-arr driven by da-GAL4 effectively suppressed the arr
L944
-associated LR defects of the AMG (Fig. 4A ). The AMG is composed of endodermal epithelium and two types of overlying visceral muscle, circular visceral muscle (CMVU) and longitudinal visceral muscle (LVMU) (Strasburger, 1932; Robertson, 1936; Bodenstein, 1950) . Considering that the Fz2 protein was detected in the visceral muscles of the midgut, we speculated that Wnt signaling needs to be activated in one of these muscles for the normal laterality of this organ. We found that the overexpression of UAS-arr driven by 24B-GAL4 (CVMU, LVMU, and somatic muscle driver), NP1522 (CVMU and somatic muscle driver shown in Fig. 4D ), or hand-GAL4 (CVMU driver, shown in Fig. 4D ) rescued the LR defects of the AMG in arr L944 homozygotes (Fig. 4A-C) (Okumura et al., 2010) . In contrast, the overexpression of UAS-arr driven by 48Y-GAL4 (endodermal epithelium of the midgut with weak expression in the visceral muscles) or NP5021 (endodermal epithelium of the midgut, shown in Fig. 4D ) failed to rescue these defects ( Fig. 4A ) (Martin-Bermudo et al., 1997; Hozumi et al., 2006) . Furthermore, the overexpression of UAS-arr in tissue outside the midgut, including in the nervous system, proventriculus, or salivary gland, failed to rescue the laterality defects in the AMG (data not shown). Considered together, our results are consistent with an idea that the activation of Wnt signaling in the CVMU is primarily required for the normal LR asymmetric development of the AMG. We also attempted to determine the tissue in which Wnt4 expression is needed for the LR asymmetric development of the AMG. However, the overexpression of UAS-Wnt4 driven by the GAL4 drivers induced LR inversion even in wild-type embryos at a frequency comparable to that of Wnt4 C1 homozygotes carrying UAS-Wnt4 without a GAL4 driver (data not shown). Therefore, we could not determine the tissues in which Wnt4 expression is required for normal LR asymmetric development of the AMG.
Given that a reduction in Wnt signaling in the CVMU resulted in LR defects of the AMG, we thought that up-regula- tion of canonical Wnt/b-catenin signaling might also affect the LR asymmetry of the AMG. shaggy (sgg) encodes a negative regulator of canonical Wnt/b-catenin signaling (Peifer et al., 1994; Siegfried et al., 1994) , and canonical Wnt/b-catenin signaling is up-regulated in sgg mutants (Siegfried et al., 1994) . The LR inversion of AMG laterality was observed in sgg 1 homozygotes at a 10% frequency (Fig. 4E ) (Perrimon and Smouse, 1989 /+) (Fig. 4E) . These results suggest that the hyper-activation of canonical Wnt/b-catenin signaling led to LR defects of the AMG in sgg homozygotes.
2.4.
LR defects of the AMG do not coincide with the malformation of the visceral muscles associated with the loss of Wnt signaling
In the early mesoderm of Drosophila embryos, the trunk visceral mesoderm (TVM), which is the CVMU primordium, develops along the anterior-posterior axis (Azpiazu et al., 1996) . The TVM is generated from the visceral founder and fusion-competent myoblasts that subsequently fuse to become binucleated syncytia (Martin et al., 2001; Klapper et al., 2002) .
Wnt signaling is known to regulate visceral muscle formation (Baylies et al., 1995; Azpiazu et al., 1996; Lee and Frasch, 2000; Hosono et al., 2003) , and the mutation of genes encoding Wnt-signaling components results in defects in midgut visceral muscle formation (Azpiazu et al., 1996) . It was therefore possible that the LR defects of the AMG associated with the loss of Wnt signaling could be attributed to defective visceral , or fz P21 (Fig. 5I) . In Fig. 5C (Fig. 5I) . These results suggested that the LR defects of the AMG were not attributable to abnormalities in the formation of visceral muscle precursors. To confirm that the formation of visceral muscle precursors was not disrupted in the Wnt4 mutant embryos, we investigated whether marker genes specific for the visceral muscle precursors were expressed normally in these embryos. We observed the expression of the tinman gene, a specific marker of the visceral muscle (Azpiazu and Frasch, 1993) , by in situ hybridization at stage 10. The pattern and level of tinman expression was not altered in embryos homozygous for Wnt4 C1 or Wnt4 EMS23 , compared with wild-type embryos (Fig. 5J-L) . We also examined whether the Connectin protein, another marker of visceral muscle (Bilder and Scott, 1998) , was expressed normally in embryos homozygous for Wnt4
C1
or Wnt4 EMS23 at stage 12 ( Fig. 5M-O) . No difference in the distribution of the Connectin protein was observed between these mutants and wild-type embryos. Finally, expression of the tropomyosin2 gene, a marker of differentiated muscle (Gremke et al., 1993) , was detected by in situ hybridization, and showed unaltered expression in embryos homozygous for Wnt4 C1 or Wnt4 EMS23 compared with wild-type at stage 14 ( Fig. 5P-R) . These results suggest that specification of the visceral muscle precursors occurred normally in embryos homozygous for Wnt4 mutations, which showed LR defects of the AMG. We concluded that the LR defects of the AMG are not a direct consequence of defective formation of midgut visceral muscles. 
Wnt4 is required for the LR asymmetric rearrangement of CVMU cells
We previously reported that the LR symmetry of the AMG breaks with the LR asymmetric rearrangement of CVMU cells (Taniguchi et al., 2007b) . In wild-type embryos, at early-stage 15, the nuclei of CVMU cells appear as ovals, whose major axis is perpendicular to the midline of the AMG (Taniguchi et al., 2007b) . However, during late-stage 15 to early-stage 16, the nuclei located in the right-ventral region change direction, representing the first visible LR asymmetry in this organ (Taniguchi et al., 2007b) . This phenomenon can be analyzed by measuring the major axial angle of these nuclei (X) in the right (pink) or left (blue) side of the AMG (Fig. 6) . Therefore, we next examined the role of Wnt signaling in the CVMU rearrangement. In this experiment, we overexpressed UAS-moesin-GFP (Chihara et al., 2003) and UAS-Redstinger driven by NP1522, a CVMU-specific GAL4 driver (Okumura et al., 2010) . In control embryos, the angle X was significantly smaller in the ventral AMG on the right side than on the left (P(T) = 3.78 · 10 À8 < 0.01) (Fig. 6A-B) . On the other hand, there was no LR bias in the dorsal side CVMU cells (P(T) = 0.608 > 0.05) (Fig. 6C-D) . However, in the Wnt4 C1 homozygote mutant embryos, we did not detect a difference in the tilting of the nuclei of the CVMU cells between the right and left sides of the ventral midline (P(T) = 0.197 > 0.05) (Fig. 6E-F) . These results suggest that Wnt4 is required in the initial LR asymmetric rearrangement of the CVMU cells, and this for the normal laterality of the AMG. However, unexpectedly, we also found a significant difference in the tilting between the right and left sides of the CVMU cells in the dorsal AMG, where this angle was significantly smaller on the right side than on the left (P(T) = 6.805 · 10 À3 < 0.01) in Wnt4 C1 homozygotes ( Fig. 6G-H) . Thus, Wnt signaling is not simply required for LR asymmetric development, but it influences the LR asymmetry in a manner that is observed only in the absence of the Wnt4-dependent activation of Wnt signaling. These results suggest that Wnt signaling may counteract the LR asymmetric morphogenesis at the dorsal side of the AMG.
2.6. Canonical Wnt signaling in the circular visceral muscles plays a crucial role in the LR asymmetric development of the AMG Wnt signaling has several different downstream pathways, which are conserved evolutionarily (van Amerongen and Nusse, 2009 ). These downstream pathways are classified into two types, canonical Wnt/b-catenin signaling and noncanonical Wnt signaling. To understand the role of Wnt signaling in the LR asymmetric development of the AMG, we examined which Wnt signaling pathway is required for this process.
Dsh is required for both canonical Wnt/b-catenin signaling and non-canonical Wnt signaling (Axelrod et al., 1998; Boutros et al., 1998; Boutros and Mlodzik, 1999) . Multiple motifs for protein-protein interactions are identified in Dsh, and the roles of these motifs in these downstream signaling pathways have been studied (Boutros and Mlodzik, 1999; Penton et al., 2002) . The dsh 1 mutant contains an amino acid substitution in the DEP domain of Dsh, which is required for noncanonical Wnt signaling, but not for canonical Wnt/b-catenin signaling (Wong and Adler, 1993; Krasnow et al., 1995) . We found that the LR asymmetry of the AMG was not affected in embryos homozygous for dsh 1 (Fig. 7A and B) . In contrast,
canonical Wnt/b-catenin signaling but not non-canonical Wnt signaling is affected in the dsh 6 mutant (Klingensmith et al., 1994) . Embryos homozygous for dsh 6 showed the inversion of LR asymmetry in the AMG at 20% frequency ( Fig. 7A and C). These results suggest that canonical Wnt/b-catenin signaling plays a crucial role in the LR asymmetric development of the AMG. This idea was supported by our observation that the mutation of prickle (pk 1 ) or starry night (stan
192
), encoding components of PCP signaling (Wong and Adler, 1993; Rawls and Wolff, 2003) , which is a branch of non-canonical Wnt signaling, did not affect the LR asymmetric development of the AMG (Fig. 7A, D , and E). However, it is also possible that a maternal contribution of these genes suppressed the LR defects in embryos homozygous for either of these mutants.
Considering that canonical Wnt/b-catenin signaling activated in the visceral muscles of the midgut plays an essential role in the LR asymmetric development of the AMG, we speculated that the specific activation of canonical Wnt/b-catenin signaling in these cells might rescue the LR defects of the AMG in embryos homozygous for Wnt4
C1
. As expected from previous reports showing that the overexpression of dsh activates Wnt/b-catenin signaling (Wehrli et al., 2000; Morel and Arias, 2004) , the overexpression of wild-type dsh in the CVMU of the midgut driven by hand-GAL4 resulted in a suppression of the LR defects in the AMG of Wnt4 C1 homozygotes (Fig. 7F) . We then overexpressed two mutant forms of dsh, dshDDEP and dshDDIX, which were reported before (Axelrod et al., 1998) . DshDDEP lacks the DEP domain, which is required for the activation of non-canonical Wnt signaling (Axelrod et al., 1998) , while DshDDIX lacks DIX, which is required for the activation of canonical Wnt/b-catenin signaling (Axelrod et al., 1998) . We found that the overexpression of UASdshDDEP driven by hand-GAL4 suppressed the LR defects of the AMG in embryos homozygous for Wnt4 C1 (Fig. 7F and G) .
In contrast, the overexpression of UAS-dshDDIX failed to suppress these defects under the same conditions ( Fig. 7F and H) . These results further support our idea that the activation of canonical Wnt/b-catenin signaling, but not non-canonical Wnt signaling, in the CVMU is important for LR asymmetric development of the AMG.
Discussion
The roles of Wnt4 in Wnt signaling pathways are context-dependent
In this study, we report that the activation of Wnt signaling in the visceral muscles of the embryonic midgut is required for the LR asymmetric development of the AMG. This is the first demonstration that Wnt signaling contributes to LR asymmetric development in Drosophila.
We found that Wnt-signaling components Wnt4 and Fz2 are required for LR asymmetric development of the AMG, although we could not exclude the contribution of other Wnt ligands and receptors to this process. For example, it is known that Wnt4 binds to Fz and Fz2 (Wu and Nusse, 2002) , and that fz and fz2 function redundantly in the segmentation of Drosophila embryos (Bhanot et al., 1999; Chen and Struhl, 1999) . We found that the AMG of embryos homozygous for fz showed similar LR defects to those of fz2, although at a lower frequency. Therefore, it is possible that Fz acts redundantly as the receptor for canonical Wnt/b-catenin signaling, although we could not detect the expression of fz in the midgut by anti-Fz antibody staining (data not shown). On the other hand, our analysis of embryos homozygous for derailed (drl) suggested that Wnt5 may not be involved in the LR asymmetric development of the AMG. Drl is a member of the RYK subfamily of receptor tyrosine kinases and is a receptor for Wnt5 (Yoshikawa et al., 2003; Fradkin et al., 2004) . The laterality of the AMG was normal in embryos homozygous for drl (data not shown).
Wnt4 is one of the few Wnt ligands whose function has been revealed in Drosophila (Gieseler et al., 1999; Buratovich et al., 2000; Cohen et al., 2002; Sato et al., 2006; Inaki et al., 2007) . Here, we found that Wnt4-Fz2 activates the canonical Wnt/b-catenin signaling pathway for normal LR asymmetric development of the AMG. Consistent with this finding, Wnt4 activates the canonical Wnt/b-catenin signaling pathway in salivary glands through Fz or Fz2, which is required for the glands' proper migration (Harris and Beckendorf, 2007) . However, the Wnt4-Fz2 pathway is also known to activate noncanonical Wnt signaling in other systems. Wnt4 plays an essential role in the cell movement required for formation of the ovariolar sheath cells (Cohen et al., 2002) . In addition, Wnt4 expressed in the developing ventral lamina is required for ventral projection of the retinal axon (Sato et al., 2006) . In both of these cases, Fz2 acts as a receptor of Wnt4, and the Wnt4-Fz2 pathway activates non-canonical Wnt signaling. Therefore, although the same combination of Wnt ligand and receptor, Wnt4-Fz2, is involved, the downstream cascades of Wnt signaling may be context-dependent, although the factors acting as molecular switches for these downstream pathways remain unknown.
3.2.
Wnt signaling may also counteract the LR asymmetric morphogenesis
We previously found that the first indication of LR symmetric morphogenesis in the AMG is observed as the LR asymmetric rearrangement of CVMU cells (Taniguchi et al., 2007b; Okumura et al., 2010) . These rearrangements can be monitored by measuring the major axial angle of the nuclei in the CVMU cells to the midline of the AMG.
In this study, we found that the LR asymmetry of the rearranged CVMU cells in the ventral AMG became bilaterally symmetric in embryos homozygous for a Wnt4 mutation. This result was consistent with the AMG's random LR laterality in these embryos. However, unexpectedly, the CVMU cells were rearranged LR asymmetrically in the dorsal AMG in Wnt4 mutant homozygotes, even though the arrangement of these dorsal cells is bilaterally symmetric in wild-type embryos. This result suggests that Wnt signaling may counteract the LR asymmetric morphogenesis in the dorsal side of the AMG, in addition to its role in introducing a LR bias by inducing the rearrangement of CVMU cells in the ventral AMG, via the Wnt4-Fz2 pathway. In embryos homozygous for loss-offunction mutations of Wnt4, arr, or fz2, the LR asymmetric development of the posterior embryonic gut was largely normal (data not shown). Thus, in wild-type embryos, the Wnt4-Fz2 signal may function to suppress the influence of the LR asymmetric morphogenic signals from the posterior midgut on the AMG.
The present analyses clarified the requirement for Wnt4-Fz2 signaling in the LR asymmetric morphogenesis of the AMG, but the precise molecular functions of this signal are still unclear. Because Wnt4-Fz2 activates canonical Wnt/bcatenin signaling, it will be important to identify the target genes responsible for LR asymmetric morphogenesis of the AMG.
4.
Experimental procedures
Fly stocks
Canton-S was used as wild-type. The mutants used were arr L994 , arr
R1215
, arr , novel EMS-induced loss-of-function alleles, as well as arr 2 , a loss-of-function allele (Tearle and Nusslein-Volhard, 1987) , arr null , a null allele (Wehrli et al., 2000) , fz2 C3-1464 , a novel EMS-induced loss-of-function allele, fz2
C1
, a loss-of-function allele (Chen and Struhl, 1999) , fz P21 , an amorphic allele (Lee and Adler, 2002) , Wnt4 C1 and
Wnt4
EMS23
, loss-of-function alleles (Cohen et al., 2002) , wg
CX3
and wg CX4 , loss-of-function alleles (Baker, 1987) , dsh 1 , a hypomorphic allele (Fahmy and Fahmy, 1959), dsh 6 , an amorphic allele (Perrimon and Mahowald, 1987) , sgg 1 , an amorphic allele (Perrimon and Smouse, 1989) , pk 1 , a loss-of-function allele (Wong and Adler, 1993) , and stan 192 , a loss-of-function allele (Rawls and Wolff, 2003) . The UAS lines used were UASarr (Wehrli et al., 2000) , UAS-Wnt4 (Gieseler et al., 1999) , UAS-dsh (Bloomington Stock Center), UAS-dsh DDEP (Bloomington Stock Center), UAS-dsh DDIX (Bloomington Stock Center), UAS-Redstinger (Bloomington Stock Center), UAS-myr-mRFP (Bloomington Stock Center), and UAS-moesin-GFP (Chihara et al., 2003) . The GAL4 driver lines used were da-GAL4 (Wodarz et al., 1995) , 24B-GAL4 (Michelson, 1994) , NP5021 (Hozumi et al., 2006) , NP1522 (Okumura et al., 2010) , 5053A (Klapper, 2000) , 48Y-GAL4 (Martin-Bermudo et al., 1997) , wg-GAL4 (Glise and Noselli, 1997) , and hand-GAL4. hand-GAL4 is a transgenic line carrying a pChs-Gal4 construct that has an insertion of the visceral mesoderm-specific enhancer element in the third intron of the hand gene (Popichenko et al., 2007) . The enhancer trap line used was PY258 (Murakami et al., 1994) . All fly stocks were maintained on a standard Drosophila medium at 25°C unless otherwise stated.
Embryo staining
Histochemical staining for b-galactosidase activity was performed according to a standard protocol (Sullivan et al., 2000) . Antibody staining of embryos was performed as previously described (Hozumi et al., 2006) . The primary antibodies used were mouse anti-b-Gal (Promega, 1:2500), rabbit anti-bGal (Cappel, 1:2500), mouse anti-Fasciclin3 (Fas3) (DSHB, 1:50), rabbit anti-Wnt4 (a gift from D. Sato, 1:200), mouse anti-Fz2 (DSHB, 1:200), mouse anti-Connectin (Con) (DSHB, 1:100), rat anti-GFP (Nacalai Tesque, 1:500), rabbit anti-GFP (MBL, 1:500), and rabbit anti-RFP (MBL, 1:500) antibodies. The secondary antibodies used for fluorescent labeling were anti-mouse IgG-Cy3 (Jackson ImmunoReseach, 1:500), antirabbit IgG-Cy3 (Jackson ImmunoReseach, 1:500), anti-mouse IgG-Alexa488 (Molecular Probes, 1:500), anti-rabbit IgGAlexa488 (Molecular Probes, 1:500), and anti-rat IgG-Alexa488 (Molecular Probes, 1:500). Stained embryos were mounted in 50% glycerol and analyzed with Axioskop 2 plus (Zeiss), LSM 5 PASCAL (Zeiss), and LSM 700 (Zeiss) microscopes. The images were processed with LSM Image Browser 4.0 (Zeiss) and ZEN 2009 Light Edition (Zeiss). Whole mount in situ hybridization was carried out as described (Jiang et al., 1991) . Digoxigenin-labeled RNA probes were prepared from part of the cDNA sequence for tinman using a DIG RNA-labeling mix (Roche). Fluorescent in situ hybridization was performed as described (Lé cuyer et al., 2008) . Biotin-labeled RNA probes were synthesized from part of the cDNA sequence for tropomyosin2 using a biotin RNA-labeling mix (Roche).
